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Neutron scattering measurements on a bilayer manganite near optimal doping show that the
short-range polarons correlations are completely dynamic at high T, but then freeze upon cooling
to a temperature T∗ ≈ 310 K. This glass transition suggests that the paramagnetic/insulating state
arises from an inherent orbital frustration that inhibits the formation of a long range orbital- and
charge-ordered state. Upon further cooling into the ferromagnetic-metallic state (TC =114 K),
where the polarons melt, the diffuse scattering quickly develops into a propagating, transverse optic
phonon.
The role of local charge-correlations and their compe-
tition with magnetic and electronic ground states is one
of the most striking new features of the transition metal
oxides such as high temperature cuprate superconduc-
tors and nickelates, but is most elegantly highlighted for
the colossal magnetoresistive (CMR) manganites. Here
the double-exchange (DE) interaction competes with
an enhanced electron-phonon coupling via the Jahn-
Teller active Mn3+ion. At optimal doping this com-
petition produces a transition from the ferromagnetic-
metallic ground state to an intrinsically inhomogeneous
paramagnetic-insulating state at elevated temperatures,
which is often described as polaronic.[1, 2] However, the
high Mn3+concentration at these dopings makes corre-
lations between polarons unavoidable. [8, 11, 13] Our
inelastic neutron scattering results reveal that within the
insulating state there is a freezing of dynamic polaron
correlations akin to a glass transition at T∗ =310 K, be-
low which a purely elastic component of the scattering
is observed. The discovery of this transition from a po-
laron glass to a polaron liquid at T∗ demonstrates the
general role that charge and orbital ordering plays in the
manganites, and we believe that it is also relevant in the
cuprate and nickelate oxides.
The polaronic state is a result of the strong coupling of
charge-orbital and spin degrees of freedom found in the
manganites. In undoped manganese perovskites (such as
LaMnO3) eachMn
3+O6 octahedron contains four d elec-
trons on the Mn ion, three t2g electrons that are Hunds
exchange coupled to form a S=3/2 core spin, and one ad-
ditional electron in a higher-energy doubly-degenerate eg
orbital, giving S=2. The energy of the occupied eg level
can then be lowered by distorting the octahedron and
removing this degeneracy. This Jahn-Teller (JT) distor-
tion couples the magnetic, electron orbital, and lattice
degrees of freedom in a natural way. The distorted JT
octahedra can be packed together to form a long-range
orbitally ordered lattice, that also orders antiferromag-
neticaly as in LaMnO3.[3] The introduction of divalent
ions such as Ca2+ for La3+ removes an equal number of eg
electrons to introduce JT inactive Mn4+ions and undis-
torted Mn4+O6 octahedra. At half doping the equal
numbers of Mn3+and Mn4+combine this charge and or-
bital ordering, along with antiferromagnetic ordering, to
form a single long-range ordered phase. Goodenough pre-
dicted that this phase, known as CE,[4] exhibits an or-
dering of Mn3+ 3d3z2−r2 orbitals on alternate Mn-sites,
and superlattice reflections from these cooperative JT-
distortions have been experimentally observed in both
cubic and bilayer perovskites (e.g. La0.5Ca0.5MnO3[5, 6]
and LaSr2Mn2O7[7]).
For intermediate doping levels, on the other hand, the
orbital ordering generally becomes frustrated, and the
double-exchange interaction mediated by hopping of the
eg electrons can then dominate the energetics to produce
a regime where the ground state is metallic and ferromag-
netic. Interestingly, it has been found recently that as
the system transforms from this ferromagnetic/metallic
state to the paramagnetic state, polarons form that trap
the eg electrons and render it insulating. This polaronic
state is intrinsically inhomogeneous, consisting of short-
range (10-20 A˚) charge/orbital correlations and longer
range lattice deformations that arise from Jahn-Teller
defects.[8, 9, 10, 11] The CMR effect then originates when
a magnetic field is applied, producing a spin alignment
that favors double exchange and melts the polarons and
thereby drives this insulator-to-metal transition.
To investigate the dynamics of polarons we have cho-
sen the La2−2xSr1+2xMn2O7 layered perovskite mangan-
ite, due to the availability of large single crystals that
allows for the collection of high quality inelastic scatter-
ing data. There is no twinning possible in the tetrago-
nal crystal structure of these materials (I4/mmm, a=3.86
A˚ and c=19.9 A˚ at room temperature) which simplifies
the interpretation of data. These materials consist of a
double perovskite layer of corner-shared MnO6 octahe-
dra separated by a simple (La,Sr)O rock salt layer. The
doping level of x=0.38 for our single crystal is near the
2optimal doping for CMR. In this crystal and in the x=0.4
crystal described in ref. 8 and 12, static short-range
charge correlations have been observed in the paramag-
netic state with propagation vector qL = (0.3, 0, 1), and
can be described in terms of the ordering of 3d3z2−r2
orbitals within the ab-plane that induce a longitudinal
distortion to the lattice.[12] The intensity of the diffuse
scattering at qL scales directly with the resistivity of the
material, and rapidly disappears in the metallic state be-
low the ferromagnetic transition temperature TC =114
K. This scaling behavior is similar for CE-type correla-
tions in the CMR pseudo-cubic perovskites, which occur
at qCE = (1/4, 1/4, 0).[11, 13] However, an opposite be-
havior has been observed for the CE-correlations in our
x=0.38 and 0.4 bilayer manganites using high energy syn-
chrotron x-ray scattering, namely that on cooling from
300 K their intensity decreases as T→TC , suggesting
that the scattering is dynamic in origin. [23] This be-
havior encouraged us to investigate the inelastic neutron
scattering from these CE-correlations over a wide tem-
perature range from 7 K to 460 K.
Inelastic neutron scattering from a single crystal of
La2−2xSr1+2xMn2O7 , x= 0.38 (5mm in diameter and
4cm in height), prepared via the traveling floating zone
FIG. 1: Scans of the observed quasielastic scattering at various tem-
peratures, measured at Q=(2.25,1.75,0). The scans measured at 300K
and 180K are displaced by 200 and 400 counts respectively for clarity.
Solid lines represent the Lorentzian component, while the Guassian
centered at ≈11meV describes [110] transverse acoustic phonon (460K
data only).
method, were measured on the BT-2 thermal triple axis
spectrometer at the NIST Center for Neuron Research.
60´-20´-40´-80´collimation and a fixed final energy of 14.8
meV were used. Measurements were made as a func-
tion of temperature using a cryo-furnace between 7 to
460 K. The elastic incoherent scattering was measured
at 7 K and subtracted from the data taking into account
its variation with temperature using Debye-Waller fac-
tors from refs. 9 and 14. The data shown in fig. 1 were
fit using a Gaussian and a Lorentzian response for the
elastic and quasielastic scattering, respectively. A Gaus-
sian response was also used to account for the transverse
acoustic phonon at≈ 11 meV. The various responses were
convoluted with the resolution function of the spectrom-
eter and included detailed balance. The results of these
fits are shown in fig. 3.
Fig. 1 shows measurements for the CE-type scat-
tering at (2+1/4,2-1/4,0), around the (2,2,0) Bragg
reflection.[24] At the highest temperatures the scatter-
ing can be well described as quasielastic. The energy
width Γ of the quasielastic obtained from our fits in-
dicates that the Jahn-Teller polarons fluctuate with a
lifetime of the order of femtoseconds (τ ∼ ~/Γ ∼ 60fs
at 360K). To probe further the origin of this quasielas-
tic scattering we performed constant energy scans along
the [110] from the (220) reflection to compile the map
shown in fig. 2. The transverse phonon and Huang con-
tributions were subtracted to reveal an excess quasielastic
scattering centered at Q∼ (2.27,1.73,0). This map of the
inelastic response shows that the dynamical scattering
still has surprisingly well-defined correlations at these el-
evated temperature, demonstrating that the polarons are
not isolated Jahn-Teller Mn3+deformations, but are dy-
namically correlated. The dynamical correlation length
obtained from these data is ∼12 A˚, comparable in size to
the static correlation length found at lower T.
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FIG. 2: Color contour map of the quasielastic scattering at 360K.
3These dynamic CE-correlations are still present up to
460 K, the highest T we explored. On decreasing the
temperature from 460 K we see from fig. 1 that the
quasielastic scattering narrows in energy, while the in-
tensity of the elastic scattering increases, as shown in
the temperature dependence of the fitted intensities and
Lorentzian linewidth Γ in fig. 3 . At high temperatures
the width decreases approximately linearly until T≡T∗
∼310 K, while the integrated intensity of the scattering
is approximately temperature independent. Below ∼310
K, the behavior of the quasielastic width and intensity
abruptly changes, and we find that a new, purely elastic
component, develops in the spectrum. The temperature
dependence of the fits for both components is also given
in fig. 3. The data reveal that at high temperatures the
neutron spectra are dominated by quasielastic scatter-
ing, while on cooling the intensity of the elastic scatter-
ing develops rapidly below T∗ ∼310 K, and appears to
track the resistivity of the material. This increase is ac-
companied by a concomitant decrease of the quasielastic
intensity, while the energy width Γ exhibits a change in
slope, becoming approximately constant for TC <T<T
∗
. In this region the elastic scattering dominates while
the quasielastic scattering intensity is non-zero and has
a measurable value of Γ, indicating a coexistence of both
frozen and dynamic CE-correlations. Finally, although
our measurements concentrated on the CE-correlations,
we found that the quasielastic width of the Huang scat-
tering exhibits similar behavior to that found for the CE-
correlations.[25]
From our measurements we can identify three regimes.
For T>T∗ the observed scattering is dominated by CE-
correlations that are completely dynamic. The quasielas-
tic width from these correlations varies linearly for T>T∗
, which is qualitatively what is expected for a continuous
phase transition. We note here that these dynamic corre-
lations have a classical signature in that kBT
∗ >> Γ for
the temperature range investigated. The second regime
occurs for TC <T<T
∗ , and is dominated by frozen static
polaronic correlations as revealed by the rapid develop-
ment of the CE-elastic component at T∗ . Here the de-
velopment of the elastic component is accompanied by
a decrease of the quasielastic intensity, while the short-
range spatial correlations do not diverge. This behav-
ior is clear evidence for a freezing transition, analogous
to the freezing transition Tg found in structural glasses,
or geometrically frustrated spin-glasses. For example, in
the geometrically frustrated antiferromagnet Y2Mo2O7
a similar transition to a short range ordered magnetic
state is observed, with a non-divergent spatial coher-
ence length, development of an elastic component, and a
second-order-like behavior of the spin relaxation rate for
Tg. [15] We note that at the same temperature as T
∗ ,
neutron powder diffraction measurements in this bilayer
system have identified a strong anomaly in the lattice
constants[14], and specific heat anomaly.[16] Taken to-
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FIG. 3: Temperature dependence of the elastic (a) and quasielastic in-
tensity (b) from fitting a Gaussian and Lorentzian response to the spec-
tra shown in fig. 1a measured at Q=(2.25,1.75,0). (c) The quasielastic
width, Γ of the Lorentzian response. Dashed lines are guides to the
eye. Error bars correspond to standard deviations obtained from the
least squares analysis.
gether with the present results the data strongly suggest
that T∗ represents a phase transition from a polaronic
liquid to a polaronic glass. This polaron glass then dis-
solves at TC as the ferromagnetic metallic state sets in.
This behavior is in sharp contrast to similar measure-
ments we have conducted in (insulating) LaSr2Mn2O7,
that exhibits a long range CE charge ordering transition
at 220K. Here critical scattering is observed, with the
correlation length of the CE- diffuse peaks diverging at
the charge ordering transition, TCO =210K.
The formation of short-range polaron correlations in
the paramagnetic state should also strongly affect the
lattice dynamics associated with these atomic displace-
ments, and this is indeed the case. Fig. 4 shows that a
well defined transverse optic phonon is observed at the
CE peak position at low T (7 K). At 110 K, just below
TC , the phonon has softened somewhat and broadened,
while in the paramagnetic regime (T>TC ) the scatter-
ing becomes overdamped, evolving into the quasielas-
tic scattering discussed above. This is similar to the
zone folding behavior found recently for the phonons in
the high TC cuprates[17], associated with the formation
of short-range charge stripes, or more general phonon
dampening.[18]
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FIG. 4: Phonon scans at Q=(2.25,1.75,0) at various temperatures.
An optical phonon is visible at 110K and 7K below TC at 21.2(1) and
22.5 meV, respectively. The same phonon disappears for T>TC .
The new insight given by our work is the transition at
T∗ , which signifies the freezing of dynamic polaron corre-
lations from a polaronic fluid. We demonstrate here that
these correlations are indeed dynamic at sufficiently high
temperatures, while an unusual insulating state devel-
ops below T∗ that is best described as an orbital/charge
glass both in terms of its glassy statics and dynamics.
Our results are in tentative agreement with recent quan-
tum MC modeling that predicts a freezing of short range
correlations in manganites.[19] Hole doping destroys the
cooperative JT ordering found in undoped compounds,
but it does not remove the JT coupling to the lattice.
The glassy nature of the transition to a inhomogeneous
charge state we believe is common to transition metal ox-
ides that exhibit competing ground states. For optimally
doped CMR manganites, the lattice is unable to accom-
modate long range cooperative ordering of the eg orbitals
and thus is inherently frustrated. The general behavior
of the manganites has parallels in both the doped nick-
elates and cuprates, where charge order in the form of
static or dynamic stripes originates from the same type
of competing interactions and frustrations. The behavior
of La1.6−xNd0.4SrxCuO4, for example, has striking simi-
larities with the manganite that we have examined here
(competition between charge stripes and superconductiv-
ity as opposed to CE-clusters and double-exchange)[20],
indicating a commonality of the underlying physics in
these 3d transition metal oxides where spin, orbital and
lattice degrees of freedom are intimately intertwined. In-
deed, the lattice in the cuprates appears to be much more
strongly coupled than originally thought[21], illustrating
the universal nature of the underlying physics of the 3d
transition metal oxides. The glass-like behavior of the
diffuse scattering and the phonon damping (or zone fold-
ing) we observe in the manganites are indications of the
frustration that naturally occurs when orbitally-ordered
systems are randomized by doping.[22] The orbital frus-
tration inhibits the development of spatial order, but the
transition still proceeds as a freezing of the local order,
producing a (static) glass. For the manganites the role of
frustration is critical, as it allows for a delicate balance of
competing interactions that gives rise to enhanced phys-
ical properties such as CMR.
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